Abstract. Caffeoylquinic acid (CQA) derivatives are polyphenolic compounds found in wide variety of plants. Previously, we have demonstrated that di-CQA and tri-CQA may be neuroprotective through their ability to promote intracellular adenosine-5 -triphosphate (ATP) generation and by up-regulation of glycolytic enzyme expression. In the present study we have investigated the effect of di-CQA and tri-CQA on energy metabolism in SH-SY5Y cells using a metabolomic approach. Results indicate that di-CQA treatment of SH-SY5Y cells significantly increases the production of an array of glycolysis metabolites and tricarboxylic acid (TCA) cycle metabolites, including acetyl-CoA, succinic acid, fumaric acid, and malic acid. Tri-CQA treatment was also observed to increase the levels of all glycolysis and TCA cycle metabolites and evoked a stronger effect than that of di-CQA. In addition to their effects on glycolytic metabolites, di-CQA and tri-CQA exposure also induced a significant increase in the production of ATP, ADP, GTP, and GDP. Our results suggest that CQA-induction of intracellular ATP synthesis is mediated by the activation of central metabolic pathways including the activation of glycolysis and the TCA cycle.
Introduction
Ageing and senescence are complex processes that dramatically impact on human health and society. Elucidation of the basic molecular mechanisms underlying the progressive decline in cellular function that accompanies ageing and eventually leads to senescence will have an immediate impact on the design of novel interventions that could reduce or delay age-related deterioration in humans. Alzheimer's disease (AD) is a major age-related neurodegenerative disorder and the most common form of dementia. During aging there is a progressive accumulation of damaged biomolecules and impaired energy metabolism in cells. Furthermore, mitochondrial and their dysfunction are considered a key factor of with regards to ageing and longevity.
Mitochondria play a central role in the energy metabolism, where the oxidation of carbohydrates, lipids and amino acids generates adenosine-5 -triphosphate (ATP). Even though the process of oxidative phosphorylation is efficient, a small percentage of electrons may "leak" from the electron transport chain, particularly from complexes I and III, during normal respiration forming reactive oxygen species (ROS) [1] . ROS produced within mitochondria represent almost 90% of the total ROS produced in the cell, meaning that mitochondria are a prime target for oxidative damage, something that has led to the concept of the 'mitochondrial theory of aging' [2] . ROS generation in mitochondria may lead to neuronal damage through oxidative stress and energy deficiency [3] . Indeed, mitochondrial dysfunction and oxidative damage are known to play key roles in pathogenesis of numerous neurological disorders such as Parkinson's disease, AD, Huntington's disease, amyotrophic lateral sclerosis, Wilson's disease, Friedreich's ataxia, multiple sclerosis, mitochondrial encephalomyopathies, and a number of inherited disorders of the mitochondrial genome [4] [5] [6] [7] .
Polyphenols are naturally occurring compounds widely distributed in higher plants, making them an integral part of the human diet, in particular fruits, vegetables and some beverages, such as tea, coffee, fruit juices, and red wine [8] . Phenolic compounds have received much interest as numerous epidemiological studies have suggested associations between the consumption of polyphenol-rich foods or beverages and the prevention of certain chronic diseases such as cardiovascular disease [9] [10] [11] . For example, flavonoidrich tea, cacao, and orange have been demonstrated to exert beneficial effects on vascular function in vitro studies and human clinical trials [9] [10] [11] . A suggested mechanism for their actions includes their antioxidant potential [12] as they have been demonstrated to influence various oxidative stress biomarkers [13] . Polyphenols may protect cells against oxidative damage through free radical scavenging, or more likely the activation of oxidative enzyme defence system and as such may also be capable of modulating ROS generation and ATP production in mitochondria. The up-regulation of such defence enzymes are likely to be related to their capacity to interact with cellular signalling pathways that regulate transcription factors and consequently the expression of genes and proteins [10, 14] .
Caffeoylquinic acid (CQA) derivatives are natural polyphenolic compounds that may be isolated from a variety of plants, such as apple, pear, berries, and aubergine [15] . However, the major source of CQAs in the human diet is coffee, with a single cup containing between 70-350 mg caffeoylquinic acid [15] . CQAs possess a broad range of pharmacological properties, including antioxidant, hepatoprotectant, antibacterial, anticancer properties. Previously, we have observed that di-CQA and tri-CQA have a potent ability to inhibit amyloid beta-induced neurotoxicity in SH-SY5Y cells (an established in vitro model of AD). Additionally, both compounds up-regulated glycolytic enzymes at the mRNA level [16, 17] , and induced a significant increase of ATP production, which was greater for tri-CQA than di-CQA [16] [17] [18] . In the current study, we aimed to deepen our understanding of the mechanism of di-CQA and tri-CQA-induction of ATP synthesis in SH-SY5Y cells using a metabolomic approach.
Materials and methods

Purification of di-CQA
Purple sweet potato (PSP) was harvested in Kagoshima prefecture, Japan and was steamed for 40 minutes, minced, and then dried using a double drum type drier. The dried powder of PSP then was crushed in 80% ethanol, filtered, and concentrated using an evaporator. The PSP extract was then divided into fractions containing phenolic compounds or anthocyanins, using the ethyl acetate liquid/liquid extraction method [19] . Anthocyanin-free PSP phenolic fraction was then used in this study. The chemical composition profile of this extract was performed using High Phase Liquid Chromatography (HPLC) analysis according to the method of Okuno et al. [20] and Shimozono et al. [21] . HPLC analysis was performed using D, Cadenza CD-18 column (5 × 4.6 mm i.d.) (Imtakt Corp., Kyoto, Japan). A binary phase distilled water-0.1% H 3 PO 4 (solvent A) and acetonitrile 100% (solvent B) was used. With a flow rate of 1 mL/min, analytes were eluted from the column using this gradient: B solution 2 to 19% (0 to 8 minutes, linear concentration gradient), 19 to 52% (8 to 16 minutes, linear concentration gradient), 100% (16.01 to 20 minutes), 2% (20.01 to 27 minutes). Peak spectra were recorded at 326 nm using UV detector. di-CQAs contained in purple sweet potato flesh were identified as 3,4-di-CQA, 3,5-di-CQA (Fig. 1) , and 4,5-di-CQA according to their retention time and comparison with authentic standards [22] .
Purification of tri-CQA
Brazilian propolis (50 g) was extracted with 450 mL MeOH and evaporated to dryness in vacuo at 30 • C. The MeOH extract was partitioned with EtOAc (1 L × 3) and H 2 O (1 L). The EtOAc-soluble portion was divided into six fractions using silica gel column chromatography Fig. 1) [18] . The tri-CQAs contained in propolis were identified as 3,4,5-tri-CQA using 1 H-NMR and 13 C-NMR spectrum of 3,4,5-tri-CQA standard as explained in our previous study [17] . For each assay, tri-CQA was dissolved in EtOH and added to cell culture medium.
Cell culture
The human neurotypic SH-SY5Y cell line was obtained from American Type Culture Collection (ATCC). SH-SY5Y cells were cultured in 100 mm petri dish or in 96-well plates depending on the purpose, with a 1 : 1 (v/v) mixture of Dulbecco's minimum essential medium (Sigma, USA) and Ham's F-12 nutrient mixture (Sigma, USA) supplemented with 15% foetal bovine serum (Sigma, USA), and 1% penicillin (5,000 g/mL)-streptomycin (5,000 IU/mL) solution (ICN Biomedicals, Japan) at 37 • C in a 95% humidified air-5% CO 2 incubator. A serum-free Eagle's minimum essential medium (OPTI-MEM; Gibco, Tokyo, Japan) was used to culture the cells for the metabolome analysis.
Metabolome analysis
SH-SY5Y cells (2 × 10 5 cells/mL) were treated with 10 M of di-CQA, or 20 M of tri-CQA before being subjected to metabolite extraction using 1 mL methanol containing 10 M of internal standards. Following this, 1 ml chloroform and 400 L of milliQ water were added and the sample centrifuged at 2300 × g at 4 • C for 5 min. After centrifugation, the aqueous phase was transferred to a filtration tube (Millipore, USA) and centrifuged at 9100 × g at 4 • C for 120 min. Filtrates were dried and dissolved in 50 L of milliQ water. Metabolome analysis was performed by CE-TOFMS (Agilent Technologies, Inc., USA).
Instrumentation of CE-TOFMS
CE-ToFMS was carried out using an Agilent CE Capillary Electrophoresis System equipped with an Agilent 6210 Time of Flight mass spectrometer, Agilent 1100 isocratic HPLC pump, Agilent G1603A CE-MS adapter kit, and Agilent G1607A CE-ESI-MS sprayer kit (Agilent Technologies, Waldbronn, Germany). The system was controlled by Agilent G2201AA ChemStation software version B.03.01 for CE (Agilent Technologies, Waldbronn, Germany).
Cationic metabolites were analysed with a fused silica capillary (50 M i.d. × 80 cm total length), with Cation Buffer Solution (Human Metabolome Technologies, Tokyo, Japan) as the electrolyte. The sample was injected at a pressure of 50 mbar for 10 sec (approximately 10 nL). The applied voltage was set at 27 kV. Electrospray ionization-mass spectrometry (ESI-MS) was conducted in the positive ion mode, and the capillary voltage was set at 4,000 V. The spectrometer was scanned from m/z 50 to 1,000. Other conditions were as in the cation analysis [23] . Anionic metabolites were analysed with a fused silica capillary (50 M i.d. × 80 cm total length), with Anion Buffer Solution (Human Metabolome Technologies, Tokyo, Japan) as the electrolyte. The sample was injected at a pressure of 50 mbar for 25 sec (approximately 25 nL). The applied voltage was set at 30 kV. ESI-MS was conducted in the negative ion mode, and the capillary voltage was set at 3,500 V. The spectrometer was scanned from 50 m/z to 1,000. Other conditions were as in the anion analysis [24] .
Raw data obtained by CE-ToFMS were processed with MasterHands [25] . Signal peaks corresponding to isotopomers of 108 compounds including the intermediates of glycolytic system, the intermediates of nucleotide (TCA) cycle, and amino acids were extracted. And then their migration time (MT) was normalized using those of the internal standards. The resultant relative area values were further normalized by sample amount.
Results
di-CQA and tri-CQA effects on energy metabolism
Both di-CQA and tri-CQA lead to the increased production of metabolites related to glycolysis (Table 1) and TCA cycle (Table 2 ) compared to vehicle treated cells. Metabolic pathway maps indicated that the changes in the concentrations of metabolites involved in glycolysis and TCA cycle (Figs. 2  and 3 ). The glycolysis metabolites: glucose 6-phosphate (G6P), fructose 6-phosphate (F6P), fructose 1,6-diphosphate (F1,6), Glyceraldehyde 3-phosphate, 3-phosphoglyceric acid (3-PG), 2-phosphoglyceric acid (2-PG), phosphoenolpyruvic acid (PEP), were markedly increased in cells exposed to 10 M of di-CQA or 20 M of tri-CQA treatment compared to vehicle treated cells (Fig. 1) . Moreover, TCA cycle metabolites acetyl-CoA divalent (AcCoA), succinic acid, fumaric acid, and malic acid were also increased in both di-CQA and tri-CQA treatment group (Table 2) , with tri-CQA inducing a greater effect than di-CQA. In addition, although di-CQA had no major influence on the level of lactic acid in cells, tri-CQA markedly increased levels of this metabolite ( Table 1) .
The increases in some of the metabolites by di-CQA and tri-CQA were not time dependent. For example, di-CQA induced peak levels of G6P, F6P, FBP, glyceraldehyde 3-phosphate, 3-PGA, and 2-PGA at 12 h, with levels decreased or unchanged at 24 h. Pyruvic acid was not detected in di-CQA treated cells and PEP was only slightly increased (Table 1 and Fig. 1) . With respect to TCA cycle metabolites, AcCoA, succinic acid, fumaric acid, and malic acid were moderately increased, whereas di-CQA treatment slightly reduced the levels of citric acid, cis-aconitic acid, and isocitric acid compared to the control cells (Table 2 ). In contrast, tri-CQA generally led to bigger increases in glycolysis metabolites, with G6P and F6P peaking at 24 h, FBP and pyruvic acid peaking at 6 h and other metabolites peaking at 12 h (Table 1) . TCA cycle metabolites AcCoA, fumaric acid and malic acid peaked at 12 h and 24 h and other TCA cycle metabolites all peaked value at 6 h ( Table 2) .
di-CQA and tri-CQA induced changes in nucleotides
The levels of the nucleotides: ATP, ADP, GTP, and GDP were all increased following exposure to di-CQA or tri-CQA compared to the non-treated cells at 24 h (Table 3 ). The amount of AMP was increased in tri-CQA group, although to a lesser degree by di-CQA. Moreover, compared to di-CQA and control group, the amount of ADP, GTP, and GDP were lower in di-CQA treated group. di-CQA and tri-CQA induced similar levels of ATP production.
Discussion
In the present study, the effect of di-CQA and tri-CQA on energy metabolism in SH-SY5Y cells was investigated using metabolomic approach. The concentrations used in the current study were based on those previously determined to enhance ATP synthesis and reverse amyloid beta-induced cytotoxicity in SH-SY5Y cells [16, 17] . Cell metabolome profiling may contribute to better understanding of cellular molecular mechanisms with capillary electrophoresis mass spectrometry (CE-MS) emerging and powerful tool for the analysis of large numbers of metabolites [26, 27] . The major advantages of CE-MS are that this methodology exhibits extremely high resolution and previous studies report that CE-MS is useful for the determination of several anionic metabolites [28, 29] , whilst generating data that are highly reproducible [30, 31] . We have previously demonstrated reproducibility using several in vitro models with our previous studies indicting that 3,5-di-CQA [16] and 3,4,5-tri-CQA exposed leads to stable, reproducible effects on neuroprotective and the up-regulation of glycolytic enzymes [17] .
Many clinical studies support the notion that a decrease in cerebral glucose metabolism is an early and consistent manifestation of AD pathophysiology, occurring prior to the occurrence of any overt pathology or severe brain atrophy [32, 33] . As such, changes in energy metabolism in the brain appear to be critical to disease pathology rather than merely a consequence of neuronal loss. Neurons have a relatively high requirement for cellular ATP [34] in order that various neuronal processes, such as the firing of action potentials, neurotransmission, and ion homeostasis may be sustained. Age-related declines in energy metabolism may contribute to cognitive declines associated with aging [35, 36] , which may be further exacerbated in selective regions of the brain in AD and PD [37, 38] . To study changes in cellular energy metabolism in response to CQA exposure, we assessed the production of glycolysis and TCA cycle related metabolites. Generally, metabolite levels relating to both glycolysis and the TCA cycle were increased in response to di-CQA and tri-CQA exposure, suggesting that these compounds are capable of up-regulating energy Table 1 Comparison of amount of identified metabolites related glycolysis in non-treated cells versus di-caffeoylquinic acid (CQA)-treated cells ( Abbreviations: AcCoA, Acetyl CoA divalent; 2-OG, 2-Oxoglutaric acid. Table 3 Comparison Abbreviations: ATP, adenosine-5 -triphosphate; ADP, adenosine-5 -diphosphate; AMP, adenosine-5 -monophosphate; GDP, guanosine-5 -diphosphate; GTP, guanosine-5 -triphosphate. metabolism in cells. It has been reported that a lower activity of glycolytic enzymes and a reduced level of pyruvate synthesis, pyruvate dehydrogenase activity, and acetyl CoA production have all been observed in the AD brain [39] [40] [41] . Furthermore, it has been reported that mildly impaired glucose availability in the synapse may impair cholinergic neurotransmission, a hallmark of AD [39, 42] . Consequently, the effects of di-CQA and tri-CQA in activating glycolysis and TCA cycle may provide some benefits in alleviating such deficits in AD. tri-CQA was observed to be more effective than its di-CQA counterpart in inducing energy metabolism. This observation is consistent with previous research indicating that tri-CQA is a more effective in anticancer [43] , anti-hyperglycemia [44] , anti-HIV [45] agent. One reason for this may relate to the presence of the additional caffeic acid moiety. However, when assessing such effects in vivo, one must also consider the metabolism of these compounds. CQA is hydrolysed by intestinal microbiota into caffeic acid and quinic acid [46] , with the absorption of CQA reported to be 33 ± 17% and that of caffeic acid 95 ± 4% in humans [47] . Indeed, administration of CQA leads to a significant increase in caffeic acid, but not CQA in the circulation, along with various caffeic acid glucuronides, and caffeic acid sulfates/glucuronides [48] [49] [50] . Whilst these derivatives are known to have stronger anti-oxidative activity, and higher intestinal absorption than CQA [51] , caffeic acid does not appear to promote ATP production [18] . As such, the relevance of the current data should be considered in the context of this absorption data and further work is required to clarify the structure-function relationship on the activation of ATP production and energy metabolism in connection with neurodegeneration prevention.
The current work indicated that lactic acid was unchanged in response to di-CQA treatment. Lactic acid is generated from pyruvate and subsequently accumulates when anaerobic respiration is dominant [52] . The low level of PYR, and increases in AcCoA, succinic acid, fumaric acid, and malic acid suggest that there is an increased flux of the glycolytic pathway, which is transferred into the TCA cycle for further aerobic respiration via acetyl-CoA. On the other hand, tri-CQA treatment increases lactic acid and all TCA cycle metabolites suggesting activation of both glycolysis and TCA cycle. Both di-CQA and tri-CQA treatment induced increases in ATP, ADP, GTP, and GDP production, with the high levels of most nucleotide compounds indicating the relative promotion of cell growth compared to control group. As shown in a recent study, the nucleotide pools continuously decrease as the growth stage moves from the exponential to stationary phase in Escherichia coli [53] .
In conclusion, results obtained in the present study indicate that energy metabolism is induced by di-CQA and tri-CQA exposure of SH-SY5Y cells. This work emphasizes that the uptake of CQA-rich dietary sources may be beneficial against neurodegenerative diseases by improving age-and disease-related cellular energy deficiencies. Our data, suggest that although more work is required, these compounds mat represent a new treatment strategy to prevent some aspects of neurodegeneration and aging.
